Different optical methods for retinal imaging provide a significant improvement for image analysis and help with data interpretation. The use of tunable light sources, which have been optimized for contrast enhancement of various retinal features or lesions in retinal images, could simplify the eye fundus examination through enhanced image quality. In this study, we have developed and described a research prototype which consists of a spectrally tunable light source based on a digital micromirror device which is further coupled to a fundus camera. The overall aim of this construction was to generate illuminations optimized for enhanced retinal image feature visibility. The optimized illumination conditions were compared to traditional red-free imaging and the measurements were executed for an artificial eye followed by in vivo measurements of the eyes of three volunteers. In all cases, the retinal image contrast was observed to improve compared to the traditional red-free imaging. Depending on the observed retinal feature, the perceptual improvements in the contrast varied from a few percent to nearly 70 percent.
Introduction
The bottom of the human eye, i. e. ocular fundus, can provide valuable information about the medical condition of a person. In addition to eye diseases like glaucoma, age-related macular degeneration and retinitis pigmentosa, other medical conditions such as intracranial hypertension as well as blood and circulationrelated conditions like diabetes mellitus can also cause visible changes in the visual appearance of the ocular fundus. In hospitals and eye clinics, fundus photography is the standard method for observing and recording the condition of the retina. Here, photographs are captured from the bottom of the eye through a microscope system, also known as a fundus camera. Typically, broadband light sources which contain all the wavelengths over the visible range of light (400-700 nm) are used for imaging, as they produce realistic colors in the fundus images. Often, a broad bandpass filter which transmits mostly green light (a "red-free" filter) is used to take monochromatic images of the retina. In red-free images, blood-related features are emphasized, which allows for easier detection of vascular abnormalities. However, the use of broadband illumination such as white or red-free light is not necessarily optimal for the detection of clinically relevant features from retinal images. Approaches like multispectral imaging, the use of optical narrow bandpass filters, or the use of illuminations with optimized spectral distributions can significantly increase the visibility and visual contrast of interesting features and landmarks in retinal images.
A reduction of visible features in longer wavelengths was observed in [1] , where ocular fundus was spectrally imaged with several light emitting diodes (LEDs) as a light source. Another type of system allowing extraction of histological parameters from multispectral images was based on a liquid crystal tunable filter, which could provide a larger number of spectral colour channels between 400-700 nm [2] .
Different approach to multispectral imaging of the fundus is snapshot imaging, where the fundus is illuminated with broadband white light, and the reflected light is separated into its spectral components by a diffractive optical element. This results in a simultaneous capture of several spectral channel images. Snapshot spectral imaging has been used for obtaining spectral signatures of oxy-hemoglobin and macular pigments [3] . Francis et al. used a commercial spectrally tunable light source for capturing several images under selected wavelengths which resulted in highlighting in different layers of the posterior segments [4] . Another application of multispectral retinal data is the use of selected filters at six specified wavelengths. The distribution maps of the main pigments and retinal hemoglobins in the fundus were derived from the acquired multispectral images [5] .
In addition to the applications focused on studying the ocular media, retina's oxygen saturation and retina's pigment content, multispectral imaging has also been applied in the case of diabetic retinopathy. Images acquired through 30 narrow bandpass interference filters show significant visibility enhancement of diabetic lesions compared with conventional RGB images [6] .
Furthermore, gathered spectral data has been used to calculate optimized illuminations for the visual detection of retinal lesions [7] . From a set of 72 spectral fundus images, diabetic lesion/surrounding healthy tissue spectrum pairs were manually selected. The authors then used the particle swarm optimization algorithm in order to obtain the spectral shapes of the optimal illuminations for different types of lesions. Each obtained illumination spectrum corresponds to the optimal solution which maximizes the contrast between a selected lesion type and the healthy background. Computational example images presented in this study showed that the contrast and visibility of the retinal features could be improved even without additional image post-processing.
In this paper, the applicability of these spectrally optimized illuminants for retinal imaging is studied. a spectrally tunable light source based on a digital micromirror device (DMD) was constructed in order to produce illuminations of desired spectral shapes [8] . This DMD light source was connected to a commercial fundus camera and fundus images were captured from the eyes of two diabetic and one non-diabetic volunteers.
Methodology
The prototype device for retinal image contrast enhancement was built by coupling a self-designed DMD-based spectrally tunable light source (Discovery 1100, Texas Instruments, Inc., USA) and a Retiga-4000DC monochrome digital charge-coupled device (CCD) camera (QImaging, Canada) to a commercial Topcon TRC-50V (Topcon Corporation, Japan) fundus camera ( Fig. 1) . However, a number of modifications were done before integrating all components. First, all unnecessary in-built elements, such as the halogen illumination bulb and the xenon flash tube, were removed from the interior optical path of the retinal camera. Next, the original 35 mm photographic film camera, relay lens, and controlling electronics were unmounted from the Topcon's upper-port and the exposed lockring was covered by a plug to protect optics from dust and stray light.
The spectrally tunable light source used in this study consists of a high-power broadband light source (Thorlabs HPLS-30-04, Thorlabs Inc., USA), followed by a slit, and a diffraction grating. The dispersed spectrum is focused onto the DMD's micromirrors (Fig. 2) . The DMD is mounted onto an articulating base which can be adjusted manually providing free spherical motion over a complete hemisphere. The micromirrors are arranged in a two-dimensional 1024 × 768 grid. The size of each micromirror is 13.68 × 13.68 µm 2 and the total width and height of the mirror array are approximately 14.0 and 10.5 µm, respectively. The inclination of each micromirror can be switched between two modes: "on" and "off ". In the deactivated mode, the reflected light is directed toward a light trap and therefore selected wavelength components are vanished, whereas in the activated state of a micromirror, the wavelength components are reflected and focused into a liquid light guide. In other words, desired spectral power distribution (SPD) Fig. 2 . The DMD-based spectrally tunable light source used in this study: A is light source, B is entrance slit with a UV filter, C is collimating lens, D is diffraction grating, E are focusing lenses, F is DMD, G is focusing lens, H is liquid light guide. is obtained by switching "on" or "off " the appropriate micromirrors. The liquid light guide was attached to the fundus camera's illumination collection optics. The optical setup describing the light propagation path and DMD working principle is presented in Fig. 3 .
The whole micromirror array can be controlled by loading into the DMD's memory a monochromatic 1024 × 768 bitmap image file (BMP), where the columns are used for wavelength selection and the amount of activated row pixels in each column determines wavelength's intensity. A dedicated software for reading and displaying a BMP file (later referred to as a pattern) and a pattern generation algorithm were implemented for the purpose of this study. A desired number of generated patterns can be loaded into the DMD's buffer and then displayed separately or in a sequential mode.
The CCD camera is cooled in order to reduce dark noise and thermal drift. The CCD detector array size is 2048 × 2048 pixels with a dynamic range of 12 bits. The camera was controlled by the QCapture Pro 6.0 software provided by the manufacturer. The camera was operated in two modes: a live preview mode for real time monitoring, and a sequential mode for fast image acquisition.
The retinal imaging procedure was as follows: The DMD-based spectrally tunable light source was allowed to stabilize for at least 20 minutes before the beginning of the image acquisition. The live preview mode was used for positioning and focusing of the fundus camera. Micromirror patterns corresponding to the optimal illuminants were loaded into the DMD's buffer one by one and images were taken of the subject's fundus for each illuminant separately. The camera parameters: gain, offset, gamma, dynamic range, and binning were set to 6, 0, 1, 8-bit, and 2 × 2, respectively. The gain-value and binning were selected to shorten the exposure time, while the bit depth setting was changed for easier image previewing. The camera was programmed to capture 10 images, as quickly as possible, and to automatically save all images to the PC's hard drive. Image acquisition produced 8-bit grayscale TIFF-images (1024 × 1024 pixels). After capturing a whole set of 10 images the camera operator investigated the images. In the case of an unfocused or a blurred set of images the imaging was repeated until satisfactory results were obtained. Because of the constant involuntary movements of the eye, an external fixation target was used. The exposure times varied between 0.1-0.3 s.
Before imaging, the volunteers' pupils were dilated with a mydriatic (Oftan Tropicamid 5 mg/ml, Santen Oy, Finland). Forehead and chin rests were used for subject's head stabilization.
Computationally determined optimal spectral pow er distributions of illuminations which maximize the contrast between various retinal features and the surrounding healthy tissue were described in the previous study [7] . The DMD-based spectrally tunable system was used for implementation of optimized illuminations for the following cases: (a) maximum contrast between arteries and veins, (b) blot bleedings, (c) hard exudates, (d) macula, and (e) microaneurysms (Fig. 4) . The spectra obtained from the DMD-based spectrally tunable light source (blue dashed lines) differ from the calculated optimized SPDs (solid red Fig. 4 . The spectral power distributions of the optimal illuminants for contrast enhancement of (a) arteries vs veins, (b) blot bleedings, (c) hard exudates, (d) macula, (e) microaneurysms. The solid and dashed lines correspond to calculated and implemented spectral power distributions, respectively. In (c), the small spike at 545 nm is caused by the spikiness of the light source. lines). The spectrum produced by the DMD light source is typically broader than the target spectrum. This is due to the fact that in order to get accurate control of the light's spectral shape, each micromirror column should correspond to as narrow spectral band as possible. However, as the width of each column is only 13.68 µm, achieving the optimal positioning of the DMD can be very challenging. Furthermore, obtaining the optimal case where each mirror corresponds to a really narrow spectral band was constrained by the application selected in this study. Too low optical power of the light entering the eye would result in long exposure times of the camera. This combined with involuntary eye movements would result in blurry and dark images. Therefore, the width of the slit located after the light source was set so that there was enough light for imaging while maintaining reasonable spectral resolution. Using a more powerful light source and decreasing the slit's width would make it possible to create more accurate spectral shapes.
The maximum irradiance at the plane of the eye's cornea was 20 mW/cm 2 (white light, full power, all DMD-mirrors "on"). With the maximum power, the ANSI safety standard permits 12 minutes of continuous exposure to the retina [9] . For all the implemented illumination spectra, the optical irradiances were well below the maximum value, therefore allowing safe continuous exposures of several tens of minutes. During the actual imaging, only exposures of few seconds were needed.
The study was approved by the Research Ethics Committee of the Pirkanmaa Hospital District (Finland) and the trials followed the ethical tenets of the Declaration of Helsinki. An informed consent was acquired from the volunteers before the trials. The imaging was done at the Tampere University Hospital (Tampere, Finland).
A total of three voluntary human subjects participated in the fundus imaging test. These included two diabetic patients and one healthy control subject. For all cases both eyes were imaged.
Results and discussion
Initial tests of the modified fundus imaging system were conducted for the system performance characterization purpose. Preliminary measurements were carried out using an artificial eye (Carl Zeiss Meditec, Germany). Resulting images were normalized to the unit exposure time (Fig. 5) .
For all cases a donut-shaped artifact is highly noticeable (see arrow at Fig. 5(b) ). It is a common phenomenon caused by an annular illumination pattern used by the fundus camera obtained by placing a cir- cular obstruction in the microscope's optical path used to reduce artifacts caused by corneal reflections. This configuration allows faster focusing and more uniform illumination onto the corneal surface on the eye [10] . In addition, a common problem, known as vignetting, is noticeable for each acquired image. The central area of the artificial eye is brighter than the image corners. The image areas corrupted by described illumination imperfections were not examined. Furthermore, uneven illumination correction through Gaussian smoothing was applied for every studied image in the following part of the experiment [11] . (c) Figure 6 shows the comparative visual performance of fundus images from the retinas of three voluntary human subjects. The image region containing a retinal feature, for which an optimal illuminant was designed (right column), was cropped and compared with the same region of the retina acquired under red free illumination (left column). Each pair of arrows specifies retinal landmarks (Fig. 6(a), (c) ) or different lesions of diabetic reti nopathy (Fig. 6(b), (d), (e) ).
From the locations of the arrows, 3 × 3 pixel areas were selected and a mean value was calculated for Table) . Areas are the same for both images in a pair. 
where I max and I min are the larger and the smaller of the values, respectively. The Michelson contrast values are shown in the Table, where it can be seen that in almost all cases the contrast improvement reaches several tens of percent. Furthermore, in the case of hard exudates, where the gained improvement is the lowest, there is still a minimum of six percent of improvement. Hard exudates are relatively strongly reflected in the visible range of light, and this can be noticed by comparing visibility of hard exudates from images acquired for other illuminant cases (Fig. 5(c) ,
Despite of these lower values, the mean value of all of the improvements shown in the Table is 33 percent, which indicates great potential for this method and device.
Conclusions
A spectrally tunable light source based on a digital micromirror device was constructed and optimal illuminants for retinal image contrast enhancement were implemented. Fundus images from the retinas of three voluntary human subjects were acquired by using a tunable DMD light source and a modified fundus camera. Acquired images were compared against red-free images which are typically used in health care systems for the inspection and documentation of the ocular fundus. Depending on the observed retinal lesions (e. g. hard exudates) or other features (e. g. macula) the perceptual improvements in the contrast varied from a few percent to nearly 70 percent. The results are promising as the studied spectrally optimized illuminants could be potentially incorporated into existing retinal imaging systems as well as could improve the future retinal imaging systems used for medical diagnosis. Table. Comparison of contrast between images taken under red-free and optimal illuminants. Also, improvement gained by using an optimal illuminant versus red-free is shown. 
